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A B S T R A C T
In this study, the interaction between soy isoﬂavone genistein and asolectin liposomes was
investigated by monitoring the effects of isoﬂavone on lipidic hydration, mobility, location and order.
These properties were analyzed by the following techniques: horizontal attenuated total reﬂection
Fourier transform infrared spectroscopy (HATR-FTIR), low-ﬁeld 1H nuclear magnetic resonance (NMR),
high-ﬁeld 31P NMR, zeta potential, differential scanning calorimetry (DSC) and UV–vis spectroscopy.
The antioxidant and antitumoral activities of the genistein liposomal system were also studied. The
genistein saturation concentration in ASO liposomes corresponded to 484 mM. HATR–FTIR results
indicated that genistein inﬂuences the dynamics of the lipidic phosphate, choline, carbonyl and acyl
chain methylenes groups. At the lipid polar head, HATR–FTIR and 31P NMR results showed that the
isoﬂavone reduces the hydration degree of the phosphate group, as well as its mobility. Genistein
ordered the lipid interfacial carbonyl group, as evidenced by the HATR–FTIR bandwidth analysis. This
ordering effect was also observed in the lipidic hydrophobic region, by HATR–FTIR, NMR, DSC and
turbidity responses. At the saturation concentration, liposome-loaded genistein inhibits the lipid
peroxidation induced by hydroxyl radical in 90.9%. ASO liposome-loaded genistein at 100 mM
decreased C6 glioma cell viability by 57% after 72 h of treatment. Results showed an increase of the
genistein in vitro activities after its incorporation in liposomes. The data described in this work will
contribute to a better understanding of the interaction between genistein and a natural-source
membrane and of its inﬂuence on isoﬂavone biological activities. Furthermore, the antitumoral results
Abbreviations: ASO, soybean asolectin; DLS, dynamic light scattering; DMPC, dimyristoylphosphatidylcholine; DPPC, dipalmitoylphosphatidylcholine; DSC, differential
scanning calorimetry; DMEM, Dulbecco’s modiﬁed Eagle’s medium; DH, enthalpy variation; FBS, fetal bovine serum; FID, free induction decay; FTIR, Fourier transform
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trazolium bromide; NMR, nuclear magnetic resonance; OH, hydroxyl radical; S.D., standard deviation; TBARS, thiobarbituric acid reactive substances; TSP, sodium 3-
(trimethylsilyl)-[2,2,3,3-2H4]-1-propionate; t, time delay; n, stretching vibration.
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Several studies have demonstrated that genistein (4,5,7-
trihydroxyisoﬂavone, Fig. 1), one of the main soy isoﬂavones,
has important antioxidant and antitumoral activities (Atlante et al.,
2010; Choi and Lee, 2004; Jin et al., 2012; Mitchell et al., 2000;
Zhou et al., 1999). Indeed, genistein inhibits the in vitro lipid
peroxidation induced by total reactive oxygen species, as well as by
other oxidant agents, such as Fe2+–ADP complex, NADPH,
superoxide dismutase, 1,1-diphenyl-2-picrylhydrazyl (DPPH), per-
oxinitrite, nitric oxide and superoxide anion in microsomes, chick
skeletal muscle cells and murine macrophages (Jha et al., 1985;
Jiang et al., 2008; Jin et al., 2012). Its antitumoral properties are
related to multiple action targets in cellular processes (Li et al.,
1999; Matsukawa et al., 1993). For example, genistein is a speciﬁc
inhibitor or protein tyrosine kinase (Akiyama et al., 1987). Also, the
isoﬂavone may inhibit the kappa light polypeptide gene enhancer
activation in B-cells (NF-kB) signaling pathway, as seen in studies
related to prostate cancer (Adjakly et al., 2013). In retinal pigment
epithelial cells, genistein can induce apoptosis through the
opening of its mitochondrial permeability transition pore (Yoon
et al., 2000). Genistein may also provoke DNA damage since
inducing cytokinesis failure, through chromosome bridge forma-
tion and Ras homolog gene family (member A, RhoA) delocaliza-
tion (Nakayama et al., 2014). It is important to note that Ras
stimulates the DNA topoisomerase II, which has an important role
in DNA replication (Chen et al., 1999; Khoshyomn et al., 2002;
Okura et al., 1988). The genistein-induced DNA damage is also
related to the activation of the ataxia-telangiectasia-mutated
kinase (Chang et al., 2004; Tominaga et al., 2007).
Genistein affects the physico-chemical properties of biological
membranes (Arora et al., 2000). Although isoﬂavones can protect
lipid membranes from oxidants, genistein–membrane interactions
have not been completely elucidated; in fact, few correlations have
been established between the genistein effect on membranes and
its biological activities (Pawlikowska-Pawle˛ga et al., 2014; Yu et al.,
1999).
Some researches have reported the effect of genistein on
synthetic phosphatidylcholine-based model membranes, such as
dipalmitoylphosphatidylcholine (DPPC) and dimyristoylphospha-
tidylcholine (DMPC). It has been studied by instrumental
techniques, such as ﬂuorescence polarization anisotropy, calorim-
etry, nuclear magnetic resonance (NMR) and spin label electron
paramagnetic resonance (EPR) (Arora et al., 2000; Maniewska
et al., 2009; Pawlikowska-Pawle˛ga et al., 2012). These studies have
evidenced that the membrane composition inﬂuenced the
isoﬂavone–lipid interaction, as well as the magnitude of the
genistein effect on the membrane order and ﬂuidity. To correlateFig. 1. Structure of genistein (4,5,7-trihydroxyisoﬂavone).drug-induced changes on membrane physico-chemical properties
and its biological activities, it is interesting to perform studies
which use lipid membrane models that resemble natural
membranes with associations of different kinds of lipids. Among
the simplest membrane models, liposomes composed of unsatu-
rated lipids have been currently used to investigate membrane
behavior (Roleira et al., 2010; Simplício de Sousa et al., 2013).
Pawlikowska-Pawle˛ga et al. (2014) characterized the effects of
isoﬂavone addition on the biophysical properties of egg yolk
phosphatidylcholine liposomes by NMR and EPR techniques and
correlated them with the genistein activity against human cervix
carcinoma cell line. In this context, the aim of the present study
was to better understand the inﬂuence of genistein on a natural-
source membrane model and to elucidate the impact of the
genistein-membrane interaction on its antioxidant and antitu-
moral properties. It was also compared the in vitro antitumoral
efﬁcacy of free genistein to liposome-loaded one. Thus, this paper
describes results of the genistein location and effects on hydration,
mobility and order of soybean asolectin (ASO) liposomes. The ASO
is a mixture of unsaturated phospholipids whose main component
is soybean phosphatidylcholine (SPC), besides phosphatidyletha-
nolamine and phosphatidylinositol. All these lipids contain oleic
(C 18:1), linoleic (C 18:2) and linolenic (C 18:3) acids (De Lima et al.,
2004). Thus, the characterization of genistein (liposome-loaded)
location and its effects on ASO liposome properties were
monitored by UV–vis, horizontal attenuated total reﬂection Fourier
transform infrared spectroscopy (HATR–FTIR), 1H NMR spin–lattice
relaxation time (T1) and 31P NMR, differential scanning calorimetry
(DSC), and zeta potential techniques. All these techniques are non-
invasive and can be used to monitor membrane physico-chemical
processes. HATR–FTIR provides important information concerning
the hydration degree and mobility of different membrane groups
(Severcan et al., 2005). NMR T1 measurements may provide
insights about the inﬂuence of an exogenous molecule in
membrane lipid fast motions, such as rotation (Dufourc, 2006).
31P NMR is useful to monitor the effect of a substance on the
membrane polar region order and lipid phase, based on the 31P
chemical shift anisotropy (Berden et al., 1974; Seelig et al., 1981;
Villasmil-Sánchez et al., 2013). Important information related to
membrane acyl chain assembly transitions and order can be
obtained by DSC technique (Biltonen and Lichtenberg, 1993). Zeta
potential measurements may provide information concerning the
membrane surface potential, stability and molecular orientation of
phosphatidylcholine membranes (Disalvo and Bouchet, 2014).
The results obtained by these instrumental techniques were
correlated to in vitro antioxidant and antitumoral responses
obtained for the ASO liposomal system, both pure (unloaded) or
loaded with genistein. Glioma cells were chosen as tumor models
since the malignant ones are the most common subtype of primary
brain tumors; they are the most invasive and destructive tumors
among the deadliest human cancers (Maher et al., 2001). One of
the difﬁculties of the glioma therapy is related to the restriction
caused by the blood–brain barrier (BBB) regarding the drug
accessibility to the central nervous system (Bernardi et al., 2009;
Mason, 2008). The possibility of a genistein-based glioma therapy
is restricted due to the isoﬂavone size and hydrophobicity. They are
additional factors which enable genistein to penetrate the BBB, but
limit its delivery to the central nervous system (Kloska et al., 2012).
Liposome-mediated transport mechanisms can be used for drug
delivery into brain (Garg et al., 2015). In this context, the efﬁciency
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bearing high grade gliomas (Hau et al., 2004). Thus, the study of
genistein–liposome interactions and the antitumoral activity of
the genistein-based liposomal system may also contribute to the
development of drug delivery systems to be used in the glioma
therapy.
2. Materials and methods
2.1. Chemicals
Soybean asolectin (ASO, containing 25% soy phosphatidylcho-
line), magnesium chloride, tricine, deuterated water/sodium
3-(trimethylsilyl)-[2,2,3,3-2H4]-1-propionate (TSP, 0.05%),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) and thiobarbituric acid were purchased from Sigma–Aldrich
(St. Louis, MO, USA). Hydrogen peroxide, phosphate buffer
(KH2PO4) and trichloroacetic acid (TCA) were bought from Synth
(São Paulo, SP, Brazil). Fetal bovine serum (FBS, Gibco BRL) and
Dulbecco’s modiﬁed Eagle’s medium (DMEM) were purchased
from Invitrogen Co. (Carlsbad, CA, USA). Lipids were used without
further puriﬁcation whereas all other chemicals were of analytical
grade.
2.2. Liposome preparation
Liposomes were prepared by the co-solubilization of ASO in
chloroform, followed by solvent evaporation under vacuum. The
resulting lipid ﬁlm was then hydrated with tricine 10 mM / MgCl2
2.5 mM buffer, pH 7.4 and resuspended by vortex (Akbarzadeh
et al., 2013; Bangham et al., 1974; Hope et al., 1986). Liposomes
containing genistein were prepared – isoﬂavone included or not –
during the solvent co-solubilization process. All liposomes were
submitted to three freeze–thaw cycles. ASO concentrations ranged
from 12.5 to 150.0 mg/mL. The genistein concentrations added to
the liposomes ranged from 0 to 3.6 mg/mL (initial concentrations);
it corresponds to initial ratios genistein:ASO ranging from 0 to 0.2.
The genistein ﬁnal concentrations were then obtained trough the
essay described in Section 2.3.
2.3. Saturation concentration of genistein in ASO liposomes
In this assay, ASO liposomes, pure or containing different initial
ratios of genistein:ASO (ranging from 0 to 0.2, m/m), were washed
with tricine/MgCl2 buffer. Three washing procedures were
performed to remove free genistein from the liposomal suspen-
sions, based on the sample centrifugation and replacement of the
reminiscent buffer solution by a new buffer aliquot. Afterwards,
the liposome pellets were treated with Triton X-100 (0.6%, v/v) to
dissolve the membrane. The efﬂux of genistein from the liposomes
was quantiﬁed by a UV-2550 Shimadzu spectrophotometer (Kyoto,
Honshu, JP), at 262 nm, considering the molar absortivity of
genistein 35,842 M1 cm1 (Franke et al., 2009). A control assay
without Triton X-100 was also performed to detect the inﬂuence of
free lipids or micelles on the solution. For each genistein:ASO ratio,
at least ﬁve independent samples were prepared and analyzed.
2.4. HATR–FTIR measurements
HATR-FTIR experiments were performed by a Shimadzu IR
Prestige-21 equipment (Kyoto, JP) at 23 C. The ASO liposomes
(150 mg/mL), pure or loaded with genistein at their maximum
liposome-loaded concentration (see Section 2.3), were deposited
on a ZnSe crystal support and immersed into the tricine/MgCl2
buffer. Interferograms were averaged for 50 scans, recorded in the
frequency range from 400 to 4000 cm1, with a resolution of2 cm1 (Severcan et al., 2005; Simplício de Sousa et al., 2013). The
spectra were analyzed by Shimatzu IR solution software 1.5.
Stretching vibrations of groups located in speciﬁc lipid regions
were analyzed, as follows: the phosphate antisymmetric stretch-
ing vibration, in the frequency range from 1260 to 1220 cm1 (nas
PO2); the choline antisymmetric stretching vibrations, in
frequency value around 970 cm1 (nas CN+C); the carbonyl
stretching mode, in the frequency range from 1725 to 1740 cm1
(n C¼O); the symmetric and antisymmetric stretching vibrations
of the acyl chains methylenes, with the frequency values around
2850 cm1 (ns CH2) and 2920 cm1 (nas CH2), respectively. It is
important to point out that these vibrations are related to
phosphatidylcholine groups (Manrique-Moreno et al., 2010).
Genistein-induced frequency value shifts and bandwidth varia-
tions of ASO vibrational bands were analyzed. Bandwidths were
measured relative to a straight base line at 3/4 of peak height
position (Bilge et al., 2014; Casal and Mantsch, 1984).
2.5. NMR assays
Acyl methylenes 1H spin–lattice relaxation times (T1) were
obtained for ASO liposomes (150 mg/mL), both pure or containing
genistein, at their maximum liposome-loaded concentration (see
Section 2.3), by an NMR Anasazi Instrument 60 MHz (Indianapolis,
USA). Inversion recovery pulse sequences (180–t 90) were
performed at 20 C, with time delay (t) ranging from 0.4 to 12.8 s,
using water:deuterated water (80:20) as solvent. Chemical shifts
were referenced to TSP signal at 0 ppm (De Lima et al., 2010;
Fraceto et al., 2005). The T1 values and relative intensities were
obtained by ﬁtting the exponential data to the NUTS code. 31P NMR
measurements were recorded by a Bruker DPW 400 spectrometer
at 162 MHz; deuterated water was the external reference. The line
width measurements of the 31P NMR spectra were obtained at 3/4 of
the phosphorus peak (Debouzy et al., 2002; Niederberger and
Seelig, 1976).
2.6. DSC measurements
DSC assays of ASO liposomes (50 mg/mL), empty or loaded with
genistein, at their maximum liposome-loaded concentration (see
Section 2.3), were performed by a Shimadzu DSC-60 equipment
(Tokyo, JP). The heating rate was set to 10 C/min in a temperature
range from 45 to 5 C, under nitrogen ﬂow (50/50 mL min1)
(Koynova and Caffrey, 1998; Lynch and Steponkus, 1989; Ulrich
et al., 1994). An empty aluminum pan was used as reference (De
Lima et al., 2010; Zhao et al., 2007). The enthalpy variation (DH)
was obtained by integrating the area under the DSC peak with the
TA 60WS software.
2.7. Turbidity assays
Turbidity values of ASO liposomes, both empty (50 mg/mL) and
containing different initial ratios of genistein:ASO (ranging from
0 to 0.13, m/m, which corresponds to a concentration that ranges
from 0 to 2.3 mg/mL, see Section 2.3), were obtained at 400 nm by a
Shimadzu UV-2550 UV–vis spectrophotometer (Kyoto, JP) (Kre-
sheck et al., 1980; Simplício de Sousa et al., 2013). Control
experiments were performed with samples containing all the
reagents, except the liposomes. For each genistein:ASO ratio, three
independent samples were prepared and analyzed.
2.8. Zeta-potential measurements
Electrophoretic mobility measurements for determining zeta
potential values were conducted by a Zetasizer Malvern UK-Nano
ZS instrument (Malvern Instruments Ltd., Worcestershire, U.K.).
Fig. 2. Concentration of genistein incorporated into asolectin (ASO) liposomes as a
function of several initial genistein concentrations (0–3.6 mg/mL), expressed as
genistein:ASO molar ratios (m/m). The curve was obtained from the genistein efﬂux
from the liposomes after the membrane solubilization with Triton X-100 (0.6%, v/v).
The genistein efﬂux was monitored by UV–vis spectroscopy at 262 nm. Results are
shown as mean  S.D. of triplicates from ﬁve independent experiments.
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mode and the Smoluchowski approximation to convert electro-
phoretic mobility to zeta-potential and employed a quartz
capillary cell with a pair of palladium electrodes. Samples for
zeta potential assays were prepared by diluting 25 mL of the ASO
liposome dispersion (30 mg/mL, pure or with genistein 3.9 mg/mL,
initial ratio genistein:ASO 0.13, m/m) in buffer tricine/MgCl2
diluted in a 1 mL milli-Q water and submitted to vortex for 1 min.
The zeta potential was measured ten times in each run and the
mean zeta potential values were calculated from three replicates
(Fatouros and Antimisiaris, 2002).
2.9. Lipid peroxidation assays
Peroxidation of ASO liposomes, both pure (12.5 mg/mL) or
loaded with different initial ratios of genistein:ASO (ranging from
0 to 0.13, m/m, which corresponds to a concentration range from 0
to 2.3 mg/mL, see Section 2.3), was induced by hydroxyl radical
(OH). The reactive species was generated from the reaction of
H2O2 2.8 mM, FeCl3 0.02 mM and ascorbate 0.1 mM (Halliwell and
Gutteridge, 2000). The OH was added to the liposomes in the
presence of KH2PO4 buffer, pH 7.4. Liposomes were incubated at
37 C for 30 min. The lipid peroxidation was quantiﬁed by the
thiobarbituric acid reactive substance (TBARS) method (Bird and
Draper,1984; Fagali and Catalá, 2012, 2009; Ohkawa et al., 1979). In
all experiments, controls were obtained by adding reagents, except
lipid membranes, to the reaction medium.
2.10. Antitumoral assays
2.10.1. Cell culture and genistein treatment
C6 rat glioma cell line was bought from American Type Culture
Collection (ATCC, Rockville, Maryland, USA). Cells were grown in
Dulbecco’s modiﬁed Eagle’s medium (DMEM) supplemented with
5% fetal bovine serum (FBS) at 37 C in a humid atmosphere
containing 5% CO2. Primary astrocyte cultures were prepared as
previously described (Da Frota et al., 2009). Brieﬂy, cortex of
newborn Wistar rats (1–2-day-old ones) were removed and
mechanically dissociated in a Ca+2 and Mg+2 free balanced salt
solution, pH 7.4, (137 mM NaCl, 5.36 mM KCl, 0.27 mM Na2HPO4,
1.1 mM KH2PO4 and 6.1 mM glucose). After centrifugation at
1000 rpm for 5 min, the pellet was resuspended in DMEM
supplemented with 10% FBS. The cells (5 104) were plated in
poly-L-lysine-coated 96-well plates. After 4 h-plating, plates were
gently shaken and phosphate-buffered saline (PBS)-washed. The
medium was then replaced to remove neuron and microglia
contaminants. Cultures were allowed to grow to conﬂuence for 20–
25 days. Medium was replaced every 4 days. Astrocyte cultures
were used as a non-transformed cell model in order to evaluate the
selectivity of genistein and ASO to tumoral cells. Free genistein and
ASO liposome-loaded genistein were diluted in DMEM 5% or 10%
FBS to obtain 10, 20 or 100 mM, ﬁnal free genistein or ASO
liposome-loaded genistein concentrations. In this treatment, the
genistein concentrations were choosen based to previous studies
which reported genistein effects on glioma cells, as well as the
inﬂuence of its liposome-encapsulation on other tumoral cells
(Pawlikowska-Pawle˛ga et al., 2014; Schmidt et al., 2008).
Appropriate controls containing ASO in tricine/MgCl2 buffer were
performed. All experiments were performed in triplicate.
2.10.2. MTT cell viability assay
Cytotoxicity tests were carried out by following the colorimet-
ric reduction of MTT to formazan. C6 cells were subcultured on 96-
well tissue culture plates containing 1 103 cells per well, reaching
sub-conﬂuence after 24 h. At this point, cells were exposed to free
genistein or ASO liposome-loaded genistein (10, 20 or 100 mM).Following 48- or 72 h-treatment, MTT assay was performed in
agreement with the manufacturer’s instructions. Results were
expressed as absorbance at 492 nm (Mosmann, 1983; Silveira et al.,
2013).
2.11. Statistical analysis
In all experiments, except the assay related to Section 2.3,
results were shown as the mean of triplicates from three
independent experiments. Data related to the antioxidant and
antitumoral assays were subjected to one-way analysis of variance
(ANOVA) followed by Dunnett’s (for antioxidant assays) and
Tukey–Kramer (for antitumoral assays) post-hoc tests, for multiple
comparisons. Differences among mean values were considered
signiﬁcant when P < 0.05.
3. Results and discussion
3.1. Genistein saturation concentration on ASO liposomes
In order to compare the properties of pure ASO liposomes to
those loaded with genistein, the isoﬂavone saturation concentra-
tion in the vesicles was determined by UV–vis spectroscopy. The
genistein saturation concentration determines the maximum
concentration of the isoﬂavone that can be incorporated into
the liposomes. Fig. 2 shows genistein concentrations loaded into
the ASO liposomes, taking into account different initial genistein:
ASO ratios (m/m; from 0 to 0.2) used for the liposome preparation
(see Section 2.3). A proportional behavior was observed between
the ﬁrst initial genistein:ASO ratio and the genistein ﬁnal
concentration loaded into the liposomes. The genistein saturation
into the liposomes was found at the genistein:ASO ratio (m/m) of
0.13, which corresponds to a genistein ﬁnal concentration of
484 mM, or 0.13 mg/mL, incorporated into the ASO liposomes. After
this concentration, an inversed behavior was observed. At the
initial genistein:ASO ratio of 0.2 (m/m), the genistein concentra-
tion incorporated into the liposomes reduced to 250 mM. It
indicates that, at genistein:ASO initial ratio (m/m) of 0.13,
liposomes were saturated with genistein (Fatouros and Antimi-
siaris, 2002). Systems containing DMPC, as well as DPPC, were
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0.04, by techniques such as ﬂuorescence and electron spin
resonance spectroscopy (Ku _zd _zał et al., 2011; Pawlikowska-
Pawle˛ga et al., 2012). Since the saturation concentration of
genistein was founded in systems containing a genistein:ASO
initial ratio (m/m) of 0.13, the isoﬂavone concentration of 484 mM
(0.13 mg/mL) was used for all subsequent instrumental assays.
3.2. Genistein location and its inﬂuence on the behavior of ASO
liposome speciﬁc regions
As mentioned before, the genistein location, as well as its
inﬂuence on ASO liposome properties, was investigated by UV–vis,
HATR–FTIR, 31P NMR, DSC techniques.
In order to obtain information on the ASO groups which are
affected by the genistein–liposome interaction and the lipid
changes induced by the isoﬂavone, HATR–FTIR spectra of ASO
liposomes, pure and with 484 mM genistein (equivalent to the
maximum genistein-loaded liposome concentration, see Sec-
tion 3.1), were performed (Fig. 3). For the pure ASO HATR–FTIR
spectrum, the following vibrational modes were detected and
analyzed: (a) nas PO2 at 1217.08 cm1, (b) nas CN+C at 974.05 cm1,
(c) n C¼O at 1734.01 cm1, (d) ns CH2 at 2854.05 cm1 and (e) nas
CH2 at 2924.09 cm1. In the presence of genistein 484 mM, the ASO
HATR–FTIR spectrum showed the following frequency values for
the lipid groups: (a) nas PO2 at 1219.01 cm1, (b) nas CN+C at
974.05 cm1, (c) n C¼O at 1734.01 cm1, (d) ns CH2 at 2852.72 cm1
and (e) nas CH2 at 2924.09 cm1. Literature-based characteristic
peaks related to the genistein FTIR spectrum list the following band
frequency values: n C¼O at 1651 cm1,n C¼C at 1613 cm1, d 5-OH
and n C¼C at 1520–1404 cm1, n COC at 1260–1274 cm1, and
d CH and n C¼C at 930–790 cm1 (Cieslik-Boczula et al., 2012;
Sekinea et al., 2011).
The inﬂuence of genistein on ASO liposomes was investigated
by the analysis of lipid HATR–FTIR band frequency shifts, as well as
the bandwidth at 3/4 of the peak height position. These results were
complemented with data obtained by NMR, DSC and UV–vis
techniques. In the following sections, results are shown and
interpreted as a function of the genistein effects in the lipid polar,
interfacial and hydrophobic regions.Fig. 3. FTIR spectra of asolectin (ASO) liposomes pure and in the presence of
genistein 484 mM (liposome-loaded). The numerical values reported in the spectra
are related to the ASO stretching vibrations peaks. Interferograms were obtained
from the average of 50 scans, with a resolution of 2 cm1, in a frequency range of
400–4000 cm1.3.2.1. Genistein effect in the lipid polar region
The behavior of the phosphate group, located on the lipid polar
region, was analyzed by HATR–FTIR and NMR techniques. Changes
in frequency and bandwidth values of HATR–FTIR bands provide
information on liposomal physico-chemical processes (Severcan
et al., 2005). In ASO liposomes, the presence of genistein 484 mM
(liposome-loaded) increased the nas PO2 frequency in approxi-
mately 2 cm1. It is important to note that, in this experimental
conditions, this frequency variation is considered signiﬁcant, since
previous HATR–FTIR analysis of phosphatidylcholine membranes
considers as signiﬁcant variations equivalent to 0.9 cm1 (Arsov
and Quaroni, 2007). The nas PO2, as the lipid interfacial n C¼O, is
sensitive to hydration conditions, and the increase in its frequency
values after interaction with an exogenous molecule reﬂects a
change in the orientation and the decrease in the number of
hydrogen bounded water molecules around the ASO polar region
or hydrogen bonds between the lipid and an active substance
(Chen and Tripp, 2008; Herec et al., 2007; López-García et al., 1993;
Manrique-Moreno et al., 2010, 2009). Thus, genistein caused a
discrete reduction in the ASO phosphate group hydration degree.
In pure synthetic membranes, such as dehydrated dipalmitoyl-
phosphatidylcholine (DPPC) ones, genistein-induced changes in
the PO2 symmetric axial stretching showed an increase in
hydrogen bonds around the lipid polar head in the phosphate
region (Cieslik-Boczula et al., 2012; Pawlikowska-Pawle˛ga et al.,
2012). The opposite genistein-induced responses observed in ASO
and DPPC analyses, may occur due to the inﬂuence of the ASO lipid
mixture, hydration, unsaturation degree and molecular orientation
on the membrane properties (Arora et al., 2000). Considering the
ASO phosphatidylethanolamine, there are, at least, 17 conforma-
tional states in which its polar group may appear. These states
possess an NH3 “donor” and a PO2 “acceptor”. Hydrogen bonds
can only form when donors and acceptors are sufﬁciently aligned
and few angstroms from each other (Pink et al.,1998). Thus, several
conformation states of the ASO mixture components, such as
phosphatidylethanolamine and phosphatidylinositol phosphate,
may inﬂuence these conditions by decreasing the hydrogen bonds
related to the genistein–liposome interactions.
Lipid head group orientation also inﬂuences changes in the
membrane zeta potential. For example, in the case of the ASO
phosphatidylcholine component, it is known that negative lipid
zeta potential values can be observed when the phosphate group
plane lies on the choline plane and vice versa (Fatouros and
Antimisiaris, 2002). Previous zeta potential measurements indi-
cated that genistein (484 mM, liposome-loaded) changed the initial
ASO zeta potential value, equivalent to 81.30 mV, to 64.86 mV.
The variation of j16:44jmV toward more positive values indicates
that the presence of genistein may re-orient the lipid polar head. In
this case, in the presence of genistein, the choline group may be
located on the phosphate plane; it can also inﬂuence the number of
hydrogen bonds in the phosphate region.
The HATR–FTIR bandwidth of lipid nas PO2, n C¼O and n CH2 is
affected by rotational, translational and/or collisional effects.
Bandwidth analysis monitor the freedom motion of the lipid
groups, as well as the amplitudes and rates of motion in their
environment (Casal et al., 1980). Thus, changes in bandwidth
provide information on the liposomal dynamics (Lee and
Chapman, 1986). The more the membrane dynamics reduces,
the more decrease in the lipid bandwidth (Manrique-Moreno et al.,
2009; Toyran and Severcan, 2003).
A zoom of the region of nas PO2 band (around 1212.08 cm1) in
Fig. 3 is shown in Fig. 4A. The presence of genistein reduced the nas
PO2 bandwidth in 2.74 cm1 (from 30.37 cm1, related to pure
ASO, to 27.63 cm1, related to ASO in the presence of 484 mM
liposome-loaded genistein); it indicates a slight isoﬂavone-
induced decrease in the lipid phosphate group mobility (Table 1).
Fig. 4. Zoom of the HATR–FTIR spectra shown in Fig. 3, in the asolectin (ASO) asymmetric phosphate stretching region (nas PO2, panel A); carbonyl stretching mode (n C¼O,
panel B) and symmetric stretching vibrations of the acyl chains methylenes (ns CH2, panel C). Interferograms were obtained from the average of 50 scans, with a resolution of
2 cm1, in a frequency range from 400 to 4000 cm1.
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phosphate region, 31P NMR line width analysis was performed
(Mohan et al., 2014; Seelig et al., 1981). It is known that
approximately 86% of the total phosphorus line width is related
to the contribution of 31P chemical shift anisotropy at high ﬁeld
strengths (Berden et al., 1974; Seelig et al., 1981). Thus, a narrow
resonance is typical of a disordered phosphorus group, whereas
phosphorus with restricted mobility is used to giving broad
contributions (Debouzy et al., 2002; Timoszyk et al., 2004;
Villasmil-Sánchez et al., 2013). The 31P NMR spectra of ASO, both
pure and in the presence of genistein 484 mM (liposome-loaded),
are shown in Fig. 5. These spectra show a high ﬁeld shoulder and a
low ﬁeld peak, typical of hydrated phospholipids in the inverted
hexagonal (HII) phase (Pfeiffer et al., 2012). This lipid phase consists
of lipid cylinders with a hydrophilic core, and appears as fractures
which planes at angle of 60 to each other, resulting in a ribbed
fracture face (Verkleij, 1984). The ASO hexagonal phase may be a
result of the phosphatidylethanolamine content in the phospho-
lipid mixture (Ellens et al., 1986).
From the spectra showed in Fig. 5, the line width values were
obtained for the samples. The line-shape analysis detected the
phosphorus line width as 16.9 ppm. The incorporation of genisteinTable 1
Inﬂuence of genistein on the ASO groups HATR–FTIR bandwidths.a
ASO stretching bands (n) ASO bandwidths (cm1) 
Pure 
nas PO2 30.37 
n C¼O 27.78 
ns CH2 15.04 
nas CH2 22.58 
a ASO groups bandwidths were measured at 3/4 of peak height position in th484 mM into ASO liposomes increased the nucleus line width to
20.8 ppm. Thus, genistein induced an increase of 31P line width
equivalent to 3.9 ppm, or 18.7% from the initial value. It indicates a
genistein-induced decrease of motional freedom related to the ASO
phosphate group, which is in agreement with the HATR–FTIR
results. It is known that the dehydration of lipid head group, such
as the phosphate one, can be related to the HII phase (Stubbs et al.,
1989). A study which characterize the phase behavior of 1,2-
dielaidoyl-sn-glycero-3-phosphoethanolamine described that, or-
dered states, as seen in the gel phase, contains fewer water
molecules and relative more loosely water molecules (van Duijn
et al., 1985). Thus, it is possible that the genistein-induced
reduction of the phosphate hydration degree observed by FTIR is
related with the lipid polar head ordering effect provoked by the
isoﬂavone, monitored by 31P NMR.
3.2.2. Genistein effect in the lipid interfacial region
Genistein effects on ASO interfacial region were investigated by
HATR–FTIR lipid n C¼O frequency and bandwidth analyses. As
mentioned before, changes in the frequency of this vibration mode
are attributed to the carbonyl hydration degree (Severcan et al.,
2005). Genistein did not lead to changes in the n C¼O frequency (atBandwidth variations (cm1)
With genistein
27.63 2.74
24.88 2.90
13.67 1.37
21.38 1.20
e absence and in the presence of genistein 484 mM (liposome-loaded).
Fig. 5. 31P NMR spectra of asolectin (ASO), pure and in the presence of genistein
484 mM (liposome-loaded). 31P NMR measurements were recorded at 162 MHz,
using deuterated water as external reference.
Fig. 6. DSC curves of asolectin (ASO) liposomes, pure and in the presence of
different concentrations of genistein 484 mM (liposome-loaded). In each DSC
experiment, the heating rate was set to 10 C, the temperature ranged from 45 to
5 C, under nitrogen ﬂow (50/50 mL min1).
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bond between the ASO carbonyl group and the genistein or water
molecules. The n C¼O bandwidth was monitored in ASO
liposomes, pure and in the presence of genistein (484 mM,
liposome-loaded). Fig. 4B shows a zoom of the n C¼O region
found in Fig. 3. The analysis of this ﬁgure, reported in Table 1,
demonstrated a genistein-induced reduction in the n C¼O
bandwidth, from 27.78 cm1 (related to pure ASO liposomes) to
24.88 cm1 (related to ASO liposomes in the presence of genistein
484 mM, liposome-loaded). This bandwidth variation, equivalent
to 2.90 cm1, indicates a reduction in the carbonyl region mobility,
a fact that was also observed in the phosphate group FTIR analysis.
3.2.3. Genistein effect in the lipid hydrophobic region
In this study, genistein-induced changes on the ASO acyl chains
order and trans/gauche ratio were monitored by the analysis of
HATR–FTIR frequency and bandwidth related to the lipid ns CH2 (at
2854.05 cm1) and nas CH2 (at 2924.09 cm1) bands. Variations in
the n CH2 vibration frequency reﬂect changes in the lipid group
mobility and order parameter (Herec et al., 2007). The presence of
genistein 484 mM (liposome-loaded) caused a very discrete
increase in ns CH2 frequency equivalent to 1.33 cm1.Variations
in the nas CH2 frequency, induced by the isoﬂavone, were not
observed. The analysis of ns CH2 bandwidth was based on the zoom
of Fig. 3, shown in Fig. 4C. Table 1 shows a genistein-induced
reduction in ns CH2 and nas CH2 bandwidths, equivalent to 1.37 and
1.20 cm1, respectively. It is important to point out that immobile
acyl chains (such as those in gel state) reﬂect narrow HATR–FTIR n
CH2 bands (Lewis and McElhaney, 1998). As the genistein-induced
ASO methylene group frequency variation, these changes corre-
spond to a very discrete ordering effect induced by genistein.
Although discrete, it is important to note that a bandwidth
variation of 1 cm1 is considered signiﬁcant, as observed by
Severcan et al. (2005) during the DPPC main phase transition, after
interaction with 15 mol% of the neurohormone melatonin.
Since the n CH2 bandwidth is sensitive to the phase transition
(Lee and Chapman, 1986), the inﬂuence of the isoﬂavone on the
ASO phase state was also investigated by DSC measurements. The
temperature range used in this work allows to monitors the phase
transition of the ASO lipids containing oleic acid as acyl chains,
which is equivalent to 20 C (Koynova and Caffrey, 1998; Ulrich
et al., 1994). From DSC curves related to pure ASO liposomes and
ASO in the presence of genistein 484 mM (liposome-loaded),shown in Fig. 6, an endothermic transition ranging from 40 to
18 C was observed. The negative range is typical for hydrated
unsaturated phosphatidylcholines. Based on Fig. 6, enthalpy
variations (DH) were calculated and listed in Table 2.
Genistein increased the ASO DH in 48.4%. It suggests a
rearrangement of the lipid hydrophobic chains to a more ordered
state and conﬁrms the behavior observed by HATR–FTIR measure-
ments (De Lima et al., 2010).
Genistein effects on ASO hydrophobic region intramolecular
motions were studied by NMR 1H T1 of ASO acyl chains methylenes.
Changes in 1H T1 reﬂect variations in motions, such as the bond
rotation (Bloom and Thewalt, 1994; Brown, 1984; Kroon et al.,
1976). Fig. 7 shows the recovery of acyl chains methylenes 1H (at 1–
2 ppm) free induction decay (FID) signal after inversions pulses, to
ASO liposomes, both pure and loaded with 484 mM genistein. Their
T1 values were calculated, and are equivalent to as 0.018 (pure ASO)
and 0.5 s (genistein-loaded ASO liposomes). The increase in 96.4%
on ASO T1 value reﬂects a genistein-induced molecular mobility
restriction, which is in agreement with the HATR–FTIR and DSC
results.
The genistein ordering effect on the hydrophobic region of
unsaturated membranes was also reported in a study of the ﬂuidity
modulation of stearoyl-linoleyl-phosphatidylcholine (SLPC) mem-
branes in the presence of different ﬂavonoids and isoﬂavones
(Arora et al., 2000). However, Pawlikowska-Pawle˛ga et al. (2012)
observed the same behavior on saturated DPPC liposomes in the
presence of genistein. Thus, it seems that unsaturation is not a
determinant factor to the rigidifying effect of genistein on the lipid
acyl chains.
3.2.4. Turbidity measurements
The global inﬂuence of different concentrations of genistein
(initial concentration range from 0 to 2.3 mg/mL, equivalent to the
initial genistein:ASO ratio from 0 to 0.13) on ASO liposomes was
monitored by turbidity assays at 400 nm. The turbidity curve is
shown in Fig. 8.
The more the concentrations of genistein were incorporated
into ASO liposomes, the more the lipid turbidity increased. At the
initial genistein:ASO ratio (m/m) of 0.13, which corresponds to
484 mM of liposome-loaded genistein, the turbidity increased in
34.6%. The increase of lipid turbidity may be related to more
ordered phases, such as the gel one, due to changes in lipid density
in phase transitions (Yi and MacDonald, 1973). Thus,
turbidity results showed that genistein may order the ASO
membrane, which is in agreement with the behavior observed
Table 2
Inﬂuence of genistein on ASO liposomes enthalpy variation (DH).
Sample DH (J/g)
Pure ASO 0.097
ASO + genistein 484 mM (liposome-loaded) 0.188
DDH (J/g) 0.091
Fig. 7. Genistein effect on the recovery of asolectin (ASO) liposomes acyl chains
methylenes 1H FID signal after several inversion pulses. The open square curve is
related to the pure ASO liposome signal, while the open circle one corresponds to
ASO liposomes in the presence of genistein 484 mM (liposome-loaded). From these
curves, the 1H T1 value for ASO liposomes, pure and containing genistein, was
obtained.
Fig. 8. Turbidity changes for asolectin (ASO) liposomes after interaction with
different initial concentrations of genistein (0–3.6 mg/mL), expressed as genistein:
ASO molar ratio (m/m). The optical density values were obtained at 400 nm by a
UV–vis spectrophotometer.
Fig. 9. Variation of total lipid peroxidation induced by hydroxyl radical (OH) as a
function of different initial concentrations of genistein (0–3.6 mg/mL) incorporated
into asolectin (ASO) liposomes, expressed as genistein:ASO ratio (m/m). Results
were obtained by the TBARS method and shown as mean  S.D. of triplicates from
three independent experiments. Data were analyzed by ANOVA followed by post-
hoc comparisons (Dunnettt’s test). * means signiﬁcantly different from ASO
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NMR techniques. The increase in liposome turbidity can be also
related to an agglomeration process which, in turn, results in a
particle size growth (Elsayed and Cevc, 2011). The aggregation of
lipids depends of molecular shape, temperature, preparation and
environmental conditions (Wagner and Vorauer-uhl, 2011).
Considering the environmental conditions, is important to note
that the hydration repulsion prevents close approach betweenliposomes (Ulrich, 2002). Besides to be related to the polar head
ordering effect, the genistein-induced reduction of the phosphate
hydration degree observed by FTIR may also be responsible to a
discrete agglomeration effect on the ASO liposomes.
The characterization of assays used for monitoring the genistein
inﬂuence on speciﬁc regions of ASO liposomes showed that
isoﬂavone interacts with the polar, interfacial and hydrophobic
regions of the lipid. Genistein ordered all the lipid groups under
study, but seems to have a stronger interaction with the interfacial
and hydrophobic region of the system. Arora et al. (2000)
suggested that the intercalation of genistein into unsaturated
lipid hydrophobic tails reduced the lipid ﬂuidity in this region.
Thus, genistein may intercalate into the ASO lipids hydrophobic
tails and carbonyl groups, reduce the lipid ﬂuidity in these regions
and, as a consequence, order the phosphate groups. This
intercalation can also change the orientation of the carbonyl
and phosphate groups located in the ASO lipid components by
reducing the hydrogen bonds in these regions.
3.3. Antioxidant activity of genistein: ASO liposomal system
The genistein antioxidant activity on ASO membrane was
determined by submitting ASO liposomes, pure or loaded with
genistein, to oxidation by hydroxyl radical (OH) followed by the
quantiﬁcation of thiobarbituric reactive substances (TBARS). Fig. 9
shows the inhibition of increased concentrations of genistein
(initial genistein concentrations from 0 to 2.3 mg/mL, which
correspond to the initial genistein:ASO ratio from 0 to 0.13, m/m)
on the in vitro peroxidation of ASO liposomes.
Fig. 9 shows that, at 484 mM, liposome-loaded genistein
inhibited the OH-induced lipid peroxidation in 90.9%. The
genistein half inhibition concentration (IC50) was detected as
242 mM (liposome-loaded, which corresponds to an initial
genistein concentration of 1.8 mg/mL or an initial genistein:ASO
ratio, m/m, of 0.06). Several antioxidant mechanisms may be
attributed to ﬂavonoids structure, such as inhibition of enzymatic
systems related to free radicals formation, metal ions chelation,
induction of antioxidant enzymes (López-Lázaro, 2002; Pietta,
2000). In the case of the genistein isoﬂavone, the hydroxyl group at
position 40, the oxo substitution at C4, and its conjugated
2,3-double bond, as well as the catechol moiety at B-ring favor(genistein: ASO equivalent to zero, *p < 0.05).
Fig. 10. Comparative cytotoxicity of genistein-free and genistein:ASO against rat
C6 glioma cell line (A and B) and primary astrocytes (C). Cell cultures were exposed
to increasing concentrations of free genistein (black bars) or genistein + ASO (white
bars) as indicated in the graph. Analysis of cell viability was performed following
48 and 72 h of treatment in C6 glioma (A and B, respectively) or following 72 h in
astrocyte cultures (C). The values represent the mean  SD of at least three
independent experiments carried out in triplicate. Data were analyzed by ANOVA
followed by post-hoc comparisons (Tukey–Kramer test). * means signiﬁcantly
different from ASO (*p < 0.05 and ***p < 0.001) and # means signiﬁcantly different
from free genistein (#p < 0.05 and ###p < 0.001).
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tant to note that genistein metal chelation capacity is related to its
neuroprotective role since iron-induced oxidative stress is
frequent in the development of neuodegeneration (Ho et al.,
2003; Qian and Shen, 2001). Besides the inﬂuence of the chemical
structure, the potential of ﬂavonoids antioxidant capacity is also
determined by its interactions with membranes. Flavonoids–
membranes interactions may protect the integrity of the latest
from disrupting agents (Erlejman et al., 2004; Verstraeten et al.,
2003). In this context, the inﬂuence of membrane order on reactive
species diffusion was reported before by Khairutdinov et al. (2000).
A higher membrane order degree or rigidity may reduce the
mobility of free radicals, as well as the free radical reaction rate
(Arora et al., 2000).
Since a membrane ordering effect was observed after interac-
tion with genistein, it was important to investigate if the genistein
antioxidant properties were favored by its inﬂuence in the lipid
dynamics. Thus, in vitro TBARS assays was also performed by
adding free genistein to pure ASO liposomes. At 242 mM
(corresponding to the liposome-loaded genistein concentration
which achieved the IC50), the OH-induced lipid peroxidation was
totally inhibited. Thus, free genistein was more efﬁcient than the
liposome-loaded one as antioxidant in the in vitro lipid peroxida-
tion assays. Despite the genistein ordering effect on the liposome,
which made the OH diffusion into the membrane difﬁcult, free
genistein is also more available to act as a OH scavenger or an iron
chelator in the reactional medium. It is also important to point out
that the delivery kinetics of the isoﬂavone from the liposome may
inﬂuence these results. At the moment of the analysis, low
concentration of delivered-genistein may have been available to
protect the membrane from free radical scavenging. Thus, in vitro
and in vivo TBARS assays, performed in different incubation times
and related to the interaction of free radical–genistein–liposomes,
will be necessary to obtain more information concerning the
membrane inﬂuence in the antioxidant potential of liposome-
loaded genistein.
3.4. Antitumoral activity of genistein: ASO liposomal systems
Free genistein or ASO liposome-loaded genistein effect on the
viability of C6 glioma was determined by exposing cell cultures to
increasing concentrations of free genistein or ASO liposome-
loaded genistein (10, 20 and 100 mM, or 2.68, 5.37 and 26.8 mg/mL,
respectively). Following 48 or 72 h of treatment, MTT assay was
performed to investigate cell viability. As shown in Fig. 10A and B,
exposure of C6 glioma cells to ASO liposome-loaded genistein at
the concentration of 100 mM for 48 h or 72 h resulted in a decrease
in cell viability by 39% and 57%, respectively. C6 cell viability was
not signiﬁcantly altered by the free genistein treatment in any of
the concentrations tested. It is worth noticing that when genistein
was loaded in liposomes, a concentration of 100 mM was sufﬁcient
to reduce C6 viability, suggesting that the delivery was more
efﬁcient by comparison with the free molecule. Notably, we did not
observe signiﬁcant ASO liposome-loaded genistein alterations on
astrocyte viability (Fig. 10C). Our results suggest that ASO
liposome-loaded genistein favors the in vitro antitumor effect of
this isoﬂavone on glioma cell line and, in the concentration under
testing, do not reduce viability of the non-tumor cells.
Genistein can modulate key regulator cell cycle proteins at
concentrations ranging from 5 to 200 mM (Rahman et al., 2012;
Ramos, 2007). However, the genistein human plasma levels
detected after oral intake of soy formulations were 3–6 mM
(Khoshyomn et al., 2002; Setchell et al.,1997; Xu et al.,1994). These
low plasma concentrations did not justify the isoﬂavone use, in its
free form, as unique chemotherapeuthic agent for glioblastoma
multiforme (Khoshyomn et al., 2002). Relative little is described inliterature concerning the effect of genistein on primary brain
tumors. In a previous study, the treatment of different human
glioma cells with 20 mM free-genistein reduced the cell viability
(detected by MTT assays) in approximately 25% after 72 h (Schmidt
et al., 2008). Differences found in our study are probably due to a
different cell line, with different mutations and sensitivity to this
ﬂavonoid. Genistein studies in C6 cells suggested that free-
genistein may not have tumoricidal effects against malignant
gliomas but can be used to enhance the antitumoral efﬁcacy and
reduce toxicity of agents as carmustine (Khoshyomn et al., 2002).
Even with a molecular mass equivalent to 270 Da, as well as a
lipophilic structure, only a small quantity of genistein is able to
cross the BBB, and its delivery to central nervous system is poor
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correlated the BBB permeation of several ﬂavonoids to their
lipophilicity extent. Thus, genistein encapsulation into liposomes
may facilitate BBB crossing by passive diffusion, due to the
enhanced lipophilicity of the system. Furthermore, the liposomal
system may deliver effective chemotherapeutic genistein doses
against the glioma.
As far as we know, no glioma cell viability assays were
performed with ASO liposome-loaded genistein. Thus, the
molecular dynamics characterization and biological activities
analysis of liposome-loaded genistein seems to be promising to
develop drug delivery systems which enhance the isoﬂavone
bioavailability and efﬁcacy against glioma.
4. Conclusion
Changes in membrane order may inﬂuence free radical
membrane diffusion, as well as the cancer processes. The
production of reactive oxygen species is related to carcinogenesis,
and the oxidative stress leads a milieu crucial for tumor
development (Khan et al., 2012). Thus, antioxidant substances
are useful in cancer therapy and also seem to beneﬁt tumor size
reduction (Conklin, 2000; Salganik et al., 2000). The genistein
antioxidant potential may be contributory for the isoﬂavone
antitumoral activity.
It is known that tumor cell membranes are more disordered and
ﬂuid than normal ones. Changes in membrane ﬂuidity may
inﬂuence the signaling pathways between tumor and normal cells.
In a study in human colon tumor cells, the ordering effect of
genistein was related to an improvement of membrane cells
function, a strength of the normal reaction with their regulators
and the cell differentiation promotion (Yu et al., 1999). Thus, it is
also possible that the membrane ordering effect of genistein may
be a secondary antitumoral mechanism of action related to
isoﬂavone against glioma cells. Considering the ASO phospholipids
mixture, an additional effect of the genistein-based liposomal
system is that the hydrophobic interaction between the glioma
cells membrane and the ASO liposomes may favor the access of
genistein into the tumor cells and, possibly, the BBB. Thus, the
antitumoral results showed that genistein-based liposomes, which
contain natural-sourced lipids, may be promising as a drug
delivery system to be used in the glioma therapy.
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